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A  pair  of  poly( ethylene  glycol)  oligomers  with  terminal  groups  capable  of  providing  amine-acid  inter¬ 
actions  are  used  in  dye-sensitized  solar  cells  (DSSCs)  as  an  electrolyte  that  can  be  easily  solidified  at 
room  temperature.  In  spite  of  its  solidity,  the  oligomer  electrolyte  has  high  ionic  diffusion  and  good 
permeability  into  the  nanopores  of  a  Ti02  electrode.  The  electron  diffusion  coefficient  and  lifetime  in  a 
photoelectrode  are  largely  affected  by  the  adsorptive  interaction  between  cations  and  the  Ti02  surface. 
The  energy-conversion  efficiency  of  DSSCs  using  the  oligomer  electrolyte  is  greater  than  4.5%.  Long-term 
storage  at  room  temperature  demonstrates  that  the  stability  of  the  oligomer  electrolyte  system  is  superior 
to  that  of  a  volatile  solvent  electrolyte. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

During  the  past  decade,  dye-sensitized  solar  cells  (DSSCs)  have 
drawn  much  interest  as  promising  alternatives  to  conventional 
silicon-based  solar  cells  [1-4].  A  DSSC  consists  of  a  photoelectrode 
with  a  nanoporous  semiconductor  film  and  an  adsorbed  sensitizer, 
a  redox  couple  as  an  electrolyte,  and  a  counter  electrode.  Extensive 
research  has  been  performed  on  each  component  and,  as  a  result, 
DSSCs  with  electrolytes  in  volatile  solvents  can  yield  an  energy- 
conversion  efficiency  of  ~11%  [5].  On  the  other  hand,  poor  thermal 
and  long-term  stability  of  liquid  electrolytes  have  limited  their  per¬ 
formance  and  practical  application.  Accordingly,  the  need  for  stable 
alternatives,  including  a  hole-transport  material,  an  ionic  liquid,  or 
a  polymer,  has  been  stressed  [6-10]. 

We  have  been  investigating  oligomer  electrolytes  as  promis¬ 
ing  alternatives  to  liquid  electrolytes  for  DSSCs  [11,12].  Oligomers 
show  considerable  stability  and  ionic  diffusion  properties,  so  DSSCs 
employing  oligomer  electrolytes  could  exhibit  long-term  stability 
as  well  as  a  high  energy-conversion  efficiency  [11,13].  Neverthe¬ 
less,  oligomer  electrolytes  also  suffer  from  leakage  problems  and 
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poor  mechanical  properties  as  found  with  conventional  liquid 
electrolytes.  This  is  because  oligomer  electrolytes  are  in  a  liq¬ 
uid  instead  of  a  solid  state  at  room  temperature.  Accordingly,  an 
alternative  method  to  enable  solidification  and  enhancement  of 
mechanical  properties,  without  decrease  in  ion  diffusivity,  is  in  high 
demand. 

A  solid-state  oligomer  electrolyte,  polyethylene  glycol)  with 
hydrogen  bonding  (PHB),  has  been  introduced  [14].  Through  this 
method,  the  contact  between  the  Ti02  electrode  and  the  oligomer 
electrolyte  was  improved  and  the  energy-conversion  efficiency  of 
the  DSSCs  was  increased  to  approximately  3.3%.  This  performance 
is  high  for  a  solid-state  electrolyte,  but  is  still  much  lower  than  in 
DSSCs  employing  common  volatile  solvent  electrolytes. 

In  this  study,  a  novel  electrolyte  composed  of  a  pair  of  oligomers 
with  terminal  groups  capable  of  providing  secondary  interactions  is 
suggested.  While  the  PHB  system  uses  quadruple  hydrogen  bonding 
of  the  bulky  terminal  group  to  solidify,  the  novel  oligomer  elec¬ 
trolyte  can  easily  solidify  due  to  the  small  but  strong  interaction 
between  the  amine  (NH2)  and  acid  (COOH)  groups.  The  ion  trans¬ 
port  in  the  prepared  oligomer  electrolyte  is  studied  through  the 
diffusion  coefficients  of  I-  and  I3_  when  different  iodide  salts  are 
employed.  The  effect  of  cations  on  the  electron  diffusion  coefficient 
and  lifetime  in  the  photoelectrode,  and  performance  of  the  DSSCs 
are  investigated  when  using  oligomer  electrolytes. 
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2.  Experimental 

2.1.  Preparation  and  characterization  of  oligomer  electrolytes 

Oligomer  electrolytes  were  prepared  using  poly( ethylene 
glycol)  bis(carboxymethyl)  ether  [PEGCME,  molecular  weight 
(MW)  =  600  g  mol-1]  and  methoxypolyethylene  glycol  amine 
(MPEGA,  MW  =  750  g  mol-1)  as  the  donor  and  acceptor  of  sec¬ 
ondary  interactions,  respectively.  The  molar  ratio  of  MPEGA  to 
PEGCME  in  the  electrolytes  was  fixed  at  2 : 1.  The  concentrations  of  I- 
and  I3-  were  maintained  at  0.85  and  0.15  M,  respectively,  via  iodide 
salts  with  different  cations  such  as  l-butyl-3-methylimidazolium 
iodide  (BMII)  or  1 -hexyl-2, 3-dimethylimidazolium  iodide  (HDMII) 
and  iodine.  In  addition,  the  oligomer  electrolytes  contained  0.2  M 
N-methyl-benzimidazole  (NMBI).  Each  electrolyte  is  referred  to  as 
BMII-  or  HDMII-electrolyte  according  to  the  source  of  cations. 

FT-IR  spectra  of  the  raw  oligomers  including  PEGCME,  MPEGA, 
and  a  blend  were  investigated  with  a  FT-IR  spectrometer  (Nico- 
let).  The  spectrum  of  the  BMII-electrolyte  was  monitored  at  various 
temperatures.  The  viscosities  of  the  oligomer  electrolytes  as  a 
function  of  temperature  were  determined  using  a  rheometer  (DV- 
III+,  Brookfield).  Anodic  and  cathodic  steady-state  currents  were 
measured  using  a  scanning  electrochemical  microscope  (SECM, 
CHI900)  to  identify  the  diffusion  coefficients  of  I-  and  I3-  in  the 
electrolytes. 

2.2.  Fabrication  ofDSSCs  with  oligomer  electrolytes 

The  preparation  methods  for  the  photo  and  counter  elec¬ 
trodes  have  been  described  previously  [11,12].  Both  electrodes 
employed  transparent,  fluorine-doped,  tin  oxide  glass  (Sn02:F, 
FTO,  sheet  resistance  8  £2  cm-1).  After  doctor-blade  coating  of 
Ti02  paste  on  the  FTO  glass,  the  substrate  was  sintered  at  500  °C 
for  15  min.  Platinum-layered  counter  electrodes  were  prepared 
by  spin-coating  and  successive  annealing  at  400  °C  for  20  min. 
The  photoelectrodes  were  sensitized  with  0.5  mM  of  purified 
(Ru(dcbpy)2(NCS)2  (535-bisTBA,  Solaronix))  in  an  ethanol  solu¬ 
tion.  A  solution  of  the  oligomer  electrolytes  in  acetonitrile  was 
placed  drop-wise  on  the  sensitized  photoelectrode,  allowing  the 


electrolyte  to  penetrate  the  Ti02  nanopores.  The  solvent  in  the 
drops  was  completely  removed  by  vaccum  drying,  and  the  surplus 
electrolyte  on  the  substrate  was  wiped  off.  The  space  between  the 
photo  and  counter  electrode  was  sealed  by  a  thermal  adhesive  film 
with  a  thickness  of  25  |xm  and  filled  with  oligomer  electrolytes  by 
capillary  force  at  50  °C  to  effect  thorough  infiltration. 

2.3.  Measurement  of  electron  transport  in  photoelectrode 

The  electron  diffusion  coefficient  and  lifetime  in  the  Ti02 
electrode  were  determined  by  stepped,  light-induced,  transient 
measurements  of  the  photocurrent  and  the  voltage  (SLIM-PCV) 
[15,16].  For  SLIM-PCV,  a  diode  laser  (A  =  635nm)  was  modulated 
with  a  function  generator  and  ND  filters  were  used  to  verify  the 
laser  intensity.  To  obtain  reliable  data,  the  thickness  of  the  Ti02  layer 
was  fixed  at  6.5  ±  0.1  [xm,  as  measured  by  a  surface  profiler  (P-10, 
Tencor),  and  the  active  area  of  the  cells  was  0.112  ±0.004  cm2,  as 
calculated  by  an  image  analyzer.  The  operating  principle  and  other 
conditions  have  been  previously  described  [15]. 

2.4.  Photovoltaic  performances  ofDSSCs 

The  photovoltaic  performances  of  the  prepared  DSSCs,  including 
open-circuit  voltage  ( Vbc).  short-circuit  photocurrent  density  C/Sc)» 
fill  factor  (FF),  and  overall  energy-conversion  efficiency  (rj)  were 
examined.  The  J-V  curves  were  measured  under  1  sun  condition 
(100  mW  cm-2,  AM  1.5)  monitored  with  a  standard  silicon  solar  cell 
using  a  Keithley  Model  2400  and  1000  W Xenon  lamp  (91193,  Oriel). 
The  thickness  of  the  Ti02  layer  in  the  DSSCs  was  approximately 
12.0  |xm  and  the  active  area  of  the  cells  was  0.24  ±  0.01  cm2. 

3.  Results  and  discussion 

3.1.  Amine-acid  interaction 

The  hydrogen  bonding  of  PHB  is  a  key  factor  for  self¬ 
solidification  and  the  interaction  between  terminal  groups  has  been 
previously  reported  [17,18].  Since,  however,  the  PHB  contains  bulky 
terminal  groups  to  form  hydrogen  bonds,  the  poly( ethylene  glycol) 


HOOCCH2(OCH2CH2)mOCH2COOH 
Poly(ethylene  glycol)  bis(carboxymethyl)  ether 
(PEGCME,  Mw  =  600  g/mol) 


H2NCH2CH2(OCH2CH2)nOCH3 
Methoxypolyethylene  glycol  amine 
(MPEGA,  Mw  =  750  g/mol) 


Amine-acid  interactive  oligomer  blend 
(Mw  =  2100  g/mol) 


Scheme  1.  Oligomers  with  different  terminal  groups  and  schematic  drawing  of  amine-acid  interactive  oligomers. 
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Fig.  1.  FT-IR  spectra  of  (a)  raw  oligomers  and  their  blend  and  (b)  BMII-electrolyte  at  various  temperatures. 
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Fig.  2.  Viscosities  of  oligomer  electrolytes  as  function  of  temperature  and  images 
of  (a)  oligomer  blend  of  PEGCME  and  MPEGA  and  (b)  BMII-electrolyte  at  room 
temperature. 


also  performed.  As  shown  in  Fig.  lb,  the  interaction  decreases  with 
increasing  temperature;  nevertheless,  most  interactions  are  main¬ 
tained  up  to  60  °C.  In  addition,  more  than  half  of  the  interactions 
remain  when  the  temperature  increases  up  to  80  °C. 

To  examine  the  state  of  the  oligomer  electrolytes  as  a  func¬ 
tion  of  temperature,  the  viscosities  of  BMII-  and  HDMII-electrolytes 
were  measured  at  various  temperatures.  The  electrolytes  are  in  a 
solid  state  at  room  temperature  and  phase  transition  of  the  elec¬ 
trolytes  occurs  in  the  range  of  40-50  °C,  as  demonstrated  in  Fig.  2. 
The  HDMII-electrolyte  exhibits  a  slightly  higher  viscosity  than  the 
BMII-electrolyte  due  to  its  iodide  salt  being  in  a  solid  state.  In  spite 
of  the  high  viscosity,  field-emission  scanning  electron  microscopy 
(FE-SEM)  images  (Fig.  3)  clearly  confirm  the  successful  infiltration 
of  HDMII-  as  well  as  BMII-electrolytes  into  the  Ti02  electrode. 


3.2.  Ionic  diffusion  in  oligomer  electrolyte 


chain  motion  requisite  for  ion  transport  and  the  contact  between 
the  Ti02  electrode  and  electrolyte  are  significantly  hampered  and 
thereby  results  in  a  low  energy-conversion  efficiency. 

The  interaction  between  NH2  and  COOFI  groups  has  been  widely 
used  where  non-covalent  bonding  is  required  due  to  its  high 
bonding-strength  and  small  size  [19-21  ].  To  this  end,  another  com¬ 
bination  of  functional  groups  capable  of  providing  amine-acid 
interactions  is  selected,  replacing  the  bulky  groups  in  the  PHB.  A 
representation  of  the  amine-acid  interactive  oligomers  is  shown  in 
Scheme  1.  The  FT-IR  spectra  of  both  raw  oligomers  and  their  blend 
indicate  well-constructed,  secondary  bonding  between  PEGCME 
and  MPEGA.  The  free  C=0  peak  of  PEGCME  at  approximately 
1740  cm-1  disappears  and  the  peaks  from  both  the  ammonium 
and  carboxylate  ions  in  the  region  between  1650  and  1550  cm-1 
emerge,  as  shown  in  Fig.  la  [21  ].  To  investigate  the  durability  of  the 
amine-acid  interaction  as  a  function  of  temperature,  FT-IR  mea¬ 
surements  of  the  BMII-electrolyte  at  various  temperatures  were 


An  ultra-microelectrode  technique  using  SECM  has  frequently 
been  used  to  measure  ionic  diffusion  coefficients  [22,23].  The 
coefficients  can  be  evaluated  from  the  steady-state  current  (/s s) 
according  to: 

Iss  =  4  nFDCr 

where  n  is  the  electron  number  per  molecule,  F  is  the  Faraday 
constant,  D  is  the  ionic  diffusion  coefficient,  C  is  the  bulk  con¬ 
centration  of  electroactive  species,  and  r  is  the  radius  of  the  Pt 
ultra-microelectrode  (5  pan). 

Steady-state  voltammograms  of  the  oligomer  electrolytes  are 
shown  in  Fig.  4.  The  steady-state  current  of  the  BMII-electrolyte 
is  larger  than  that  of  the  FIDMII-electrolyte,  which  implies  that  I- 
and  I3-  in  BMII-electrolyte  diffuse  more  rapidly  (Table  1 ).  A  higher 
viscosity  of  the  electrolyte  causes  a  lower  diffusion  coefficient,  so 
the  low  ionic  diffusion  coefficients  of  the  FIDMII-electrolyte  are  due 
to  its  high  viscosity. 


Fig.  3.  Cross-sectional  FE-SEM  images  of  (a)  nanocrystalline  Ti02  films  and  those  cast  with  (b)  BMII-  and  (c)  HDMII-electrolyte. 
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Table  1 

Diffusion  coefficients  of  the  active  species  in  oligomer  electrolytes  and  photovoltaic  characteristics  of  DSSCs  with  oligomer  electrolytes 


Electrolyte 

Diffusion  coefficient  (10-7  cm2  s_1 ) 

Cell  performance 

I- 

I3- 

Voc  (V) 

Jsc  (mAcirr2) 

FF 

r}(%) 

BMII 

1.56 

0.85 

0.69 

9.20 

0.71 

4.51 

HDMII 

0.99 

0.61 

0.67 

8.41 

0.68 

3.82 

Fig.  4.  Steady-state  voltammograms  of  oligomer  electrolytes  measured  at  scan  rate 
3  mVs-1. 

As  shown  in  a  recent  study  [11]  ionic  diffusion  coefficients 
in  oligomer  electrolytes  decrease  with  increasing  MW  of  the 
oligomers  [11].  If  the  amine-acid  interaction  has  the  same  effect 
on  ionic  diffusion  as  increasing  the  MW,  then  the  ionic  diffusion 
coefficients  of  the  oligomer  electrolytes  will  be  much  lower  than 
those  of  the  poly( ethylene  glycol  dimethyl  ether)  (PEGDME)  elec¬ 
trolytes  with  a  MW  of  1000  (10-8  cm2  s_1),  and  may  be  similar 
to  those  of  PEGDME  electrolytes  with  a  MW  of  2100.  The  values 
of  the  oligomer  electrolytes,  however,  are  in  the  range  of  approxi¬ 
mately  10-7  to  10-8  cm2  s-1 .  Consequently,  in  spite  of  the  viscosity 
increase,  the  amine-acid  interaction  does  not  significantly  decrease 
the  ionic  diffusion  coefficients.  Considering  this  phenomenon,  the 
amine-acid  interaction  can  be  one  of  the  most  effective  ways  to 
solidify  oligomer  electrolytes  without  critically  decreasing  the  ionic 
diffusion  rate. 

3.3.  Electron  transport  in  photoelectrode 

The  electron  transport  in  the  Ti02  mesoporous  film  of  DSSCs  was 
characterized  by  electron  diffusion  coefficients  and  lifetime.  The 
decay  of  photocurrent  and  photovoltage  transients  was  measured 
by  SLIM-PCV  and  the  obtained  data  were  fitted  with  an  exponen¬ 
tial  function  [15].  Fig.  5  shows  the  electron  diffusion  coefficient  and 
lifetime  as  a  function  of  electron  charge  density  of  cells  employ¬ 


Wavelength  (nm) 


Fig.  6.  UV-vis  absorption  spectra  of  0.1  M  BMII  and  HDMII  solutions  in  PEGDME 
(MW  500  g  mol-1)  and  centrifuged  solution  after  addition  of  Ti02  nanoparticles 
(30  mg  for  5  ml  of  the  BMII  and  HDMII  solutions). 


ing  BMII-  and  HDMII-electrolytes.  The  electron  charge  density  was 
calculated  using  a  published  equation  [24]. 

While  the  electron  diffusion  coefficient  of  the  cells  employing 
the  HDMII-electrolyte  is  greater  than  that  of  the  cells  employing  the 
BMII-electrolyte,  the  reverse  is  observed  for  the  electron  lifetime. 
This  behaviour  can  be  explained  by  the  effect  of  different  adsorptive 
interactions  between  the  cations  and  Ti02  surface.  Electron  diffu¬ 
sion  coefficients  may  be  largely  affected  by  the  cation  adsorption 
on  Ti02  mesoporous  films  due  to  the  ambipolar  diffusion  in  a  pho¬ 
toelectrode  [25].  As  confirmed  in  Fig.  6,  the  absorbance  of  the  0.1  M 
BMII  solution  in  PEGDME  with  a  MW  of  500  decreases  by  approx¬ 
imately  13%  after  adding  Ti02  nanoparticles  (30  mg  for  5  ml  of  the 
solutions)  and  centrifuging.  By  contrast,  the  absorbance  of  the  0.1  M 
HDMII  solution  decreases  by  approximately  68%  after  addition  of 
the  nanoparticles,  that  is,  over  five  times  more  than  the  reduction 
seen  in  the  BMII  solution.  Based  on  this  result,  it  is  confirmed  that 
HDMI+  cations  are  more  adsorbed  on  to  the  Ti02  surface  than  BMI+ 
cations.  A  highly  adsorptive  cation  could  induce  a  high  electron  dif¬ 
fusion  coefficient  and  a  short  electron  lifetime  due  to  the  increase 
of  local  cation  density  as  well  as  local  concentration  of  I3_  [25,26]. 
This  interpretation  corroborates  the  higher  electron  diffusion  coef¬ 
ficient  and  shorter  lifetime  of  cells  employing  HDMII-electrolyte. 


Fig.  5.  Electron  (a)  diffusion  coefficient  and  (b)  lifetime  in  Ti02  electrodes  of  DSSCs  with  oligomer  electrolytes. 


816 


J.H.  Park  et  al.  /  Journal  of  Power  Sources  183  (2008)  812-816 


Fig.  7.  J-  V  curves  measured  at  lOOmWcrrr2  and  IPCE  versus  wavelength  of  light 
for  DSSCs  with  oligomer  electrolytes. 


Time  (day) 

Fig.  8.  Stability  test  of  DSSCs  with  oligomer  electrolytes  and  volatile  solvent  elec¬ 
trolyte  (1  M  BMII,  0.15  M  I2  and  0.2  M  NMBI  dissolved  in  3-methoxypropionitrile)  at 
room  temperature. 

3.4.  Photovoltaic  performance 

The  J-V  and  IPCE  curves  of  DSSCs  employing  BMII-  and  HDMII- 
electrolytes  are  presented  in  Fig.  7.  The  DSSC  employing  the 
BMII-electrolyte  exhibits  a  conversion  efficiency  greater  than  4.5% 
and  has  a  higher  V0c  and  JSc  than  the  DSSC  prepared  with  HDMII- 
electrolyte.  The  Voc  of  the  former  is  expected  to  be  greater,  as  a 
longer  electron  lifetime  generally  results  in  a  higher  V0c-  Further¬ 
more  in  spite  of  the  addition  of  NMBI  to  increase  V0o  the  highly 
absorbed  HDMI+  cations  on  the  Ti02  electrode  could  shift  the  con¬ 
duction  band-edge  of  the  Ti02  mesoporous  films  downward  [27]. 
Considering  the  higher  ionic  diffusion  coefficients  and  thereby  a 
more  effective  redox  reaction  at  the  photo  and  counter  electrodes, 
it  is  reasonable  that  the  DSSC  with  the  BMII-electrolyte  has  a  higher 
Jsc  than  that  with  the  HDMII-electrolyte. 

The  long-term  stability  of  the  DSSCs  using  different  oligomer 
electrolytes  was  also  evaluated  (Fig.  8).  After  room  temperature 
storage  for  60  days,  the  cells  employing  the  oligomer  electrolytes 
maintain  over  91%  of  their  initial  efficiency  while  the  cell  prepared 
with  a  volatile  solvent  electrolyte  (3-methoxypropionitrile)  drops 
to  only  73%  of  its  initial  efficiency. 


4.  Conclusions 

Amine-acid  interactions  have  been  determined  to  be  a  promis¬ 
ing  route  to  prepare  oligomer  electrolytes  that  retain  high  ionic 
diffusion  despite  their  solid  state.  Using  the  oligomer  electrolyte, 
a  DSSC  with  a  solid-state  electrolyte  has  been  fabricated  and  its 
energy-conversion  efficiency  is  greater  than  4.5%.  The  influence  of 
adsorptive  interactions  between  the  cations  and  Ti02  surface  on 
electron  transport  in  the  photoelectrode  has  also  been  investigated. 
Cells  employing  the  oligomer  electrolytes  show  superior  stability 
to  that  prepared  with  a  volatile  solvent  electrolyte. 

Acknowledgements 

The  work  was  supported  by  the  KIST  internal  project  under 
contract  2E20750.  The  authors  are  grateful  to  Dr.  Nam-Gyu  Park 
at  the  Center  for  Energy  Materials  Research  in  KIST  for  helpful 
discussions. 

References 

[1]  A.  Hagfeldt,  M.  Gratzel,  Chem.  Rev.  95  (1995)  49-68. 

[2]  M.  Gratzel,  Nature  414  (2001 )  338-344. 

[3]  A.F.  Nogueira,  C.  Longo,  M.-A.  De  Paoli,  Coord.  Chem.  Rev.  248  (2004) 
1455-1468. 

[4]  M.-S.  Kang,  J.H.  Kim,  J.  Won,  Y.S.  Kang,  J.  Phys.  Chem.  C  111  (2007)  5222-5228. 

[5]  M.  Gratzel,  J.  Photochem.  Photobiol.  A:  Chem.  164  (2004)  3-14. 

[6]  U.  Bach,  D.  Lupo,  P.  Comte,  J.E.  Moser,  F.  Weissortel,  J.  Salbeck,  H.  Spreitzer,  M. 
Gratzel,  Nature  395  (1998)  583-585. 

[7]  P.  Wang,  S.M.  Zakeeruddin,  J.E.  Moser,  M.  Nazeeruddin,  T.  Sekiguchi,  M.  Gratzel, 
Nat.  Mater.  2  (2003)  402-407. 

[8]  D.  Kuang,  P.  Wang,  S.  Ito,  S.M.  Zakeeruddin,  M.  Gratzel,  J.  Am.  Chem.  Soc.  128 
(2006) 7732-7733. 

[9]  A.F.  Nogueira,  J.R.  Durrant,  M.-A.  De  Paoli,  Adv.  Mater.  13  (2001)  826-830. 

[10]  T.  Stergiopoulos,  I.M.  Arabatzis,  G.  Katsaros,  P.  Falaras,  Nano  Lett.  2  (2002) 
1259-1261. 

[11]  J.H.  Park,  K.J.  Choi,  J.  Kim,  Y.S.  Kang,  S.-S.  Lee,  J.  Power  Sources  173  (2007) 
1029-1033. 

[12]  J.H.  Park,  J.-H.  Yum,  S.-Y.  Kim,  M.-S.  Kang,  Y.-G.  Lee,  S.-S.  Lee,  Y.S.  Kang,  J.  Pho¬ 
tochem.  Photobiol.  A:  Chem.  194  (2008)  148-151. 

[13]  M.-S.  Kang,  K.-S.  Ahn,  J.-W.  Lee,  Y.S.  Kang,  J.  Photochem.  Photobiol.  A:  Chem. 
195 (2008) 198-204. 

[14]  Y.J.  Kim,  J.H.  Kim,  M.-S.  Kang,  M.J.  Lee,  J.  Won,  J.C.  Lee,  Y.S.  Kang,  Adv.  Mater.  16 
(2004)  1753-1757. 

[15]  S.  Nakade,  T.  Kanzaki,  Y.  Wada,  S.  Yanagida,  Langmuir  21  (2005) 
10803-10807. 

[16]  S.  Nakade,  T.  Kanzaki,  S.  Kambe,  Y.  Wada,  S.  Yanagida,  Langmuir  21  (2005) 
11414-11417. 

[17]  R.P.  Sijbesma,  F.H.  Beijer,  L.  Brunsveld,  B.J.B.  Folmer,  J.H.K.K.  Hirschberg,  R.F.M. 
Lange,  J.K.L.  Lowe,  E.W.  Meijer,  Science  278  (1997)  1601-1604. 

[18]  K.  Yamauchi,  J.R.  Lizotte,  D.M.  Hercules,  M.J.  Vergne,  T.E.  Long,  J.  Am.  Chem.  Soc. 
124(2002)8599-8604. 

[19]  Y.J.  Kim,  D.  Shin,  D.R.  Vutukuri,  E.N.  Savariar,  S.Y.  Kim,  S.  Thayumanavan,  T.P. 
Russell,  Macromolecules  40  (2007)  4267-4275. 

[20]  A.  Topacli,  C.  Topacli,  B.  Te§neli,  M.  Durmu§,  V.  Ahsen,  J.  Mol.  Struct.  800  (2006) 
51-54. 

[21]  S.  Karlsson,  S.  Backlund,  R.  Friman,  Colloid  Polym.  Sci.  278  (2000)  8-14. 

[22]  B.M.  Quinn,  Z.  Ding,  R.  Moulton,  A.J.  Bard,  Langmuir  18  (2002)  1734-1742. 

[23]  R.  Kawano,  M.  Watanabe,  Chem.  Commun.  (2003)  330-331. 

[24]  K.D.  Benkstein,  N.  Kopidakis,  J.  van  de  Lagemaat,  A.J.  Frank,  J.  Phys.  Chem.  B  107 
(2003)  7759. 

[25]  S.  Kambe,  S.  Nakade,  T.  Kitamura,  Y.  Wada,  S.  Yanagida,  J.  Phys.  Chem.  B  106 
(2002)2967-2972. 

[26]  S.  Nakade,  T.  Kanzaki,  W.  Kubo,  T.  Kitamura,  Y.  Wada,  S.  Yanagida,  J.  Phys.  Chem. 
B  109(2005)3480-3487. 

[27]  N.  Kopidakis,  N.R.  Neale,  A.J.  Frank,  J.  Phys.  Chem.  B  110  (2006)  12485-12489. 


